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Persistent Expression of Genes
of the Enhancer of Split Complex
Suppresses Neural Development in Drosophila
Keiko Nakao and JoseÂ A. Campos-Ortega KlaÈ mbt et al., 1989; Delidakis and Artavanis-Tsakonas,
1992), which act as transcriptional regulators togetherInstitut fuÈ r Entwicklungsbiologie
UniversitaÈ t zu KoÈ ln with the achaete-scute complex (ASC). The latter com-
prises the genes achaete, scute, lethal of scute, and50923 KoÈ ln
Germany asense, which also encode bHLH proteins that activate
transcription (see Campuzano and Modolell, 1992, for
a review). Recent reports have revealed regulatory inter-
relationships between the ASC and E(SPL)-C genes.Summary
Transcription of the E(SPL)-C genes is activated by
proneural proteins (Hinz et al., 1994; Kramatschek andThe segregation of neural and epidermal progenitors
Campos-Ortega, 1994); proteins of the E(SPL)-C sup-in Drosophila requires the activity of transcription fac-
press in vitro transcriptional activation by proneural pro-tors encoded by the proneural genes and the genes
teins (Oellers et al., 1994; Singson et al., 1994).of the E(SPL)-C. Persistent expression of two genes
Six of thegenes of the E(SPL)-Chave virtually identicalof the E(SPL)-C suppresses neural development. Em-
patterns of transcription in the neuroectoderm duringbryos exhibit conspicuous central neural hypoplasia
early neurogenesis (Knust et al., 1987, 1992). Prior toand lack sensory organs; imaginal sensory organs are
the first wave of neuroblast segregation, transcriptsalso affected. Suppression of neural development
from these genes accumulate in a ladderlike arrange-is associated with suppression of the activity of
ment of expressing cells. The SI neuroblasts (Harten-proneural genes. DNA binding is not essential for this
stein and Campos-Ortega, 1984) delaminate from theeffect. Large cells with characteristics of neuroblasts
cells of this ladder and then cease to express the sixsegregate normally in embryos, but these cells fail
genes, whereas the remaining neuroectodermal cellsto express various markers, and the segregated cells
continue to express them. Most of these latter cells, orand/or their progeny eventually die. These findings
their progeny, will eventually develop as epider-indicate that proneural and E(spl)proteins exert antag-
moblasts. Preceding SII neuroblast delamination, tran-onistic functions.
scription of E(SPL)-C genes is restricted to the interme-
diate region of the neuroectoderm; from this region, SIIIntroduction
neuroblasts will delaminate. Jennings et al. (1994) have
recently analyzed the distribution of protein products ofIn Drosophila, progenitor cells of the CNS (neuroblasts)
some of the genes of the E(SPL)-C by using polyclonaland of the sensory organs (sensory organ mother cells,
antibodies directed against HLH-md. They find that pro-SMCs) develop from specialized epithelia, the neuroec-
tein products first become detectable in the neuroecto-toderm and the epidermal primordium, respectively.
dermal cells that overlie the SI neuroblasts.Each cell within these epithelia will eventually be as-
To understand the role of the E(SPL)-C in the contextsigned a neural or an epidermal fate as a result of interac-
of the neuro/epidermal lineage dichotomy, we have ana-tions among groups of initially equivalent cells, called
lyzed the phenotypic effects caused by persistent ex-proneural clusters (Ghysen and Dambly-ChaudieÁ re,
pression of two of the E(SPL)-C genes, HLH-m5 and1989; Romani et al., 1989; Simpson, 1990). This process
E(spl) (terminology of Knust et al., 1992) using the Gal4is controlled by a regulatory network comprising the
expression system (Fischer et al., 1988; Brand and Perri-products of two groups of genes: the proneural genes,
mon, 1993). We find that expression of these geneswhich confer neurogenic abilities on ectodermal cells,
suppresses neural development, as shown by conspicu-and the neurogenic genes, which mediate neural inhibi-
ous central neural hypoplasia and lack of sensory organstory signals that give neuroectodermal cells access to
in embryos and imagos. Bristle loss phenotypes haveepidermal development (see Campos-Ortega, 1993;
also been described by Tata and Hartley (1995) afterGhysen et al., 1993). In loss-of-function mutants for the
expression of HLH-m5 and E(spl) using a heat-shock-proneural genes, neuroectodermal cells do not become
Gal4 activator. We find that the defects seen in fullydetermined as neural progenitors and either enter epi-
differentiated embryos and imagos are preceded by def-dermal development or die (JimeÂ nez and Campos-
icits in the expression of early neural markers, such asOrtega, 1979, 1990; Brand and Campos-Ortega, 1988).
asense, snail, and A101, by neuroblasts and SMCs. TheConversely, loss-of-function mutations in the neuro-
mechanism of suppression of neural development fol-genic genes cause all neuroectodermal cells to take on
lowing persistent expression of E(SPL)-C genes is basedneural fate and, accordingly, the mutants lack epidermis
on their antagonistic effects on the activity of proneural(Lehmann et al., 1981, 1983; Campos-Ortega and Haen-
genes. We find that DNA binding by the E(spl) proteinslin, 1992).
is not essential for this action. Thus, the E(spl) proteinsClassical genetics has revealed a hierarchical organi-
may neutralize proneural activity by associating withzation of the neurogenic mutations, in which the En-
proneural proteins. Interestingly, suppression does nothancer of split complex [E(SPL)-C] acts as the last link
affect the process of neuroblast segregation, which ap-(de la Concha et al., 1988; Lieber et al., 1993). The
parently occurs normally. However, neuroblasts andE(SPL)-C comprises seven genes encoding basic helix-
loop-helix (bHLH) proteins (Knust et al., 1987, 1992; SMCs and/or theirprogenies eventually enter apoptosis.
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Results as to the type of neural cells affected by HLH-m5 and
E(spl).
More severe defects were obtained after simultane-By using the Gal4-UAS system, we examined the effects
of expressing variants of two of the genes of the ous expression of two copies of either gene, and even
more drastic effects were seen after expressing oneE(SPL)-C, E(spl) and HLH-m5. These variants included
the wild-type alleles, N-terminal fusions of E(spl) to an copy each of E(spl) and HLH-m5 under the control of
the same da-Gal4 activator (Figure 1D). Although allepitope tag, and E(spl)bd2, in which the basic domain
had been neutralized (Tietze et al., 1992). To control for tested combinations showed the same kind of coopera-
tive effects, we used effector lines of different strengthsposition effects, a relatively large number of indepen-
dent insertions of the effector constructs were studied. to assess the differences, comparing the severity of the
phenotype generated by crossing a weak UAS-HLH-m5We established strains with 100 independent insertions
of UAS-E(spl), 29 of UAS-HLH-m5, and 24 of UAS- and an intermediate UAS-E(spl) effector, to that gener-
ated by crossing a strong UAS-E(spl) and the sameE(spl)bd2. When driven by the da-Gal4 activator (Wodarz
et al., 1995), which mediates ubiquitous transcription intermediate UAS-E(spl) effector used in the previous
case. A similar degree of neural hypoplasia was ob-throughout embryogenesis (Cronmiller and Cummings,
1993; Vaessin et al., 1994), 11 of the UAS-E(spl) effector served in both cases (data not shown). Considering that
the phenotype caused by the weak UAS-HLH-m5 ef-insertions caused dominant embryonic lethality, 29 were
pupal lethal and the remaining 60 were viable. Using the fector alone is much weaker than that caused by the
strong UAS-E(spl) effector alone, the enhancement ofsame activator, five of the UAS-HLH-m5 insertions were
semilethal, with animals dying in embryonic and larval the phenotype found on expressing both together sug-
gests cooperative effects of HLH-m5 and E(spl).stages, and the remaining 24 were viable. Two of the 24
lines carrying a UAS-E(spl)bd2 effector were embryonic Using the sca-Gal4 activator, which mediates expres-
sion in proneural clusters in the imaginal discs, as welllethal; the other 22 were either semilethal or viable when
the effectors were driven by da-Gal4. In addition, 27 as in the neuroectoderm (Mlodzik et al., 1991), defects
in the pattern of bristles of variable intensity were de-independent insertions of the UAS-Nflag-E(spl) construct
were established. Ubiquitous expression in two of them tected in more than 90% of the UAS-E(spl) and/or UAS-
HLH-m5 effector strains. The most severe defects werecaused embryonic lethality; the remaining were either
semilethal or viable. found in flies from pupal-lethal lines driven by da-Gal4
or by sca-Gal4, which were pulled out of the pupal case.In situ hybridizations of E(spl) and HLH-m5 probes
to embryos expressing wild-type variants, and anti-flag Following UAS-E(spl) expression, these flies lacked al-
most all macrochaetae and microchaetae (Figure 2B),antibody staining of embryos expressing flag-E(spl) fu-
sion proteins, gave comparable results with the two whereasexpression of UAS-HLH-m5 had weaker effects
and mostly affected macrochaetae (Figure 2E). Differ-genes, indicating that the exogenous genes are trans-
lated efficiently. As driven by da-Gal4, the exogenous ences in the bristles affected were found depending on
the gene expressed. Thus, most notal chaetae wereE(spl) was expressed as early as stage 6±7, reflecting
the expression pattern of the daughterless promoter. missing in almost all the flies that expressed UAS-E(spl),
but were less affected in the flies expressing UAS-HLH-Initially, the expression products exhibit a mosaic distri-
bution, in that varying amounts are detected in the cells m5 (Figures 2A and 2E), whereas bristles on the wing
margin were affected only in the flies expressing any ofof the neuroectoderm. However, during stages 8±11,
when neuroblasts delaminate, the exogenous E(spl) various UAS-HLH-m5 effectors (data not shown). Bristle
differentiation defects, as double sockets, were alsogene was strongly and rather homogeneously ex-
pressed (data not shown). frequent in the notum following UAS-HLH-m5 expres-
sion. Flies from most other lines with either construct
exhibited a variable loss of bristles.
Persistent Expression of Genes of the E(SPL)-C
Causes Neural Hypoplasic Defects
When driven by da-Gal4, four of the 100 effector lines Persistent Expression of E(spl) or HLH-m5
Suppresses Expression of Neuroblast andtransgenic for UAS-E(spl) produced strong dominant
effects on embryonic development, another seven pro- SMC Markers but Does Not Affect
Neuroblast Segregationduced intermediate and weak embryonic effects, and
the remaining 89 transgenic lines studied did not pro- Central neural hypoplasia is preceded by a strong reduc-
tion or a failure of the neuroblasts and embryonic SMCsduce detectable effects in embryos. Embryos from the
lines of the first group exhibit severe central and periph- to express various markers normally expressed in pro-
genitor cells. The pattern of SI and SII neuroblast segre-eral neural hypoplasia (Figure 1C; Figure 5C). Most of
the Mab22C10- and 44C11-positive cells of sensory or- gation appears to be normal in animals expressing E(spl)
driven by da-Gal4, as largeneuroblastlike cells are foundgans are absent. However, no obvious defects can be
detected in the pattern of denticle belts of these em- at the normal positions of the SI and SII neuroblasts.
However, in situ hybridization and antibody stainingsbryos. Large groups of marker-positive cells still remain
in the CNS (Figure 1B). Weaker effects were obtained show a strong reduction of the expression of asense
(Figures 1F and 1H) (refer to Brand et al., 1993). We alsoafter expressing UAS-HLH-m5 via the same da-Gal4
activator (Figure 1C). Embryos from five of the 29 UAS- assessed the activity of snail in these embryos to study
the effects on a gene whose expression in the neuroec-HLH-m5 effector lines showed mild neural hypoplasia.
However, no obvious qualitative differences were seen toderm and neuroblasts is independent of the ASC (Ip
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Figure 1. Persistent Expression of E(SPL)-C Genes Causes Neural Hypoplasic Defects
(A±D) Ventral views of stage 16 embryos stained with MAb44C11; anterior is to the top. (A) Wild-type embryo. (B) Embryo expressing UAS-
E(spl), driven by da-Gal4; almost all sensory neurons (arrowhead) are missing, the ventral cord is severely hypoplasic. (C) Embryo expressing
UAS-HLHm5 driven by da-Gal4; several sensory neurons (arrowheads) have developed. (D) Embryo expressing UAS-E(spl) and UAS-HLHm5
driven by da-Gal4; all sensory organs are missing, and the fragmentation of the ventral cord is stronger than in (B).
(E±H) Stainings with an anti-asense antibody of late stage 10 embryos; anterior is to the right. (E) and (G) are wild-type embryos. (E) is a lateral
view; (G) is a ventral view. In the wild-type, asense is expressed in neuroblasts (one is indicated by the large arrow), ganglion mother cells,
and SMCs (one is indicated by the small arrow; Brand et al., 1993). (F) and (H) show embryos of approximately the same age and in the same
orientations as in (E) and (G), which express UAS-E(spl) driven by da-Gal4. Notice that the number of asense-positive cells is strongly reduced.
et al., 1994; Skeath et al., 1994). snail transcripts are reduces snail expression in the neuroectoderm as early
as in stages 7±8 (Figures 3E and 3F) and neuroblasts.normally found both in neuroectodermal clusters and
segregated neuroblasts, whereas snail protein is ex- To analyze the effects of persistent E(spl) expression
on the imaginal SMCs, we recombined A101 (Bellen etpressed more strongly in the segregated neuroblasts
than in the neuroectodermal clusters (Figures 3A and al., 1989) into chromosomes carrying the corresponding
effectors. In A101, the lacZ reporter gene is inserted3B) (Alberga et al., 1991; Struhl et al., 1993; Ip et al.,
1994; Skeath et al., 1994). Persistent expression of E(spl) in the neuralized locus (Boulianne et al., 1991) and is
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Figure 2. Persistent Expression of E(SPL)-C Genes Causes Imaginal Sensory Organ Defects
(A) Notum of a wild-type fly.
(B) Notum of a pupa following persistent expression of UAS-E(spl) driven by sca-Gal4. Only a few microchaete have developed.
(C) Notum of a pupa following expression of UAS-l'sc driven by sca-Gal4; notice the large number of micro and macrochaetae.
(D) The number of ectopic bristles is strongly reduced following activation of UAS-E(spl) and UAS-l'sc effectors by sca-Gal4. However, a few
ectopic bristles still develop in the scutellum (arrowheads), whereas bristle loss is detected dorsally in the notum.
(E) Weaker effects are obtained following persistent expression of UAS-HLHm5 driven by sca-Gal4. Compare with (B).
expressed in SMCs from early stages on (Huang et al., Persistent Expression of E(spl) and HLH-m5 Affects
Expression of the Proneural Genes achaete1991; Usui and Kimura, 1992). b-gal activity was barely
detectable in the wing discs of the A101 line persistently and lethal of scute
To investigate the mechanism that leads to the failureexpressing UAS-E(spl), with the exception of the pre-
sumptive wing margin region (Figures 4A and 4C). This to express early markers and, eventually, to the neural
hypoplasic defects, we analyzed the expression ofcorrelates with the loss of bristles observed throughout
the notum, butnot in the wing margin of theseflies. In the achaete and lethal of scute in embryos persistently ex-
pressing E(spl) or HLH-m5. We describe below the pat-imaginal discs in which UAS-HLH-m5 was persistently
expressed, the presumptive wing margin region total- tern of transcript distribution of both genes, because
it rather directly reflects changes in gene expression.ly lacked b-gal activity and, concomitantly, the flies
showed loss of wing margin bristles (Figure 4B). However, the same defects were in principle observed
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Figure 3. Persistent Expression of E(spl) Affects Expression of snail and achaete
In situ hybridizations with digoxigenin labeled probes of snail (A, B, E, F) and achaete (C, D, G, H). (A), (C), (E), and (G) are larger magnifications
of (B), (D), (F), and (H), respectively. All embryos were dissected and mounted flat to show the germ band in its entirety; anterior is to the top.
(A) through (D) are wild-type embryos, (E) through (H) are embryos that express UAS E(spl) driven by da-Gal4. Notice the decrease in the
concentration of snail transcripts in the neuroectoderm relative to wild type. In the wild type, neuroblast segregation occurs earlier in the
medial than in the lateral row (Ruiz-GoÂ mez and Ghysen, 1993). This explains why achaete transcripts are still visible in proneural clusters
laterally (large arrows in C), whereas individual cells have already delaminated from the clusters medially (small arrows). Large cells with
characteristics of neuroblasts, but devoid of achaete transcripts, are found at normal positions (arrowheads in G point to delaminated
neuroblasts at the position of achaete-expressing cells). Although not all SI neuroblasts are in the same plane of focus in this picture, all of
them have delaminated normally.
with respect to the corresponding proteins (data not and the concentration of transcripts in SI neuroblasts
is lower than in the wild-type (Figures 3G and 3H). More-shown).
In wild-type embryos, four achaete-positive cell clus- over, the posterior medial and, often, the anterior medial
neuroblast of the quartet cease achaete expression ear-ters per hemisegment are found at late stage 8; achaete
transcripts then become restricted to single cells that lier than the lateral neuroblasts (Figure 3G). Defects of
similar quality were also detected in the transcriptionsegregate as SI neuroblasts (Cabrera et al. 1987; Skeath
and Carroll, 1992; Skeath et al., 1992; Ruiz-GoÂ mez and pattern of lethal of scute preceding and following SI and
SII neuroblast segregation (data not shown). In contrastGhysen, 1993). Hence, four achaete-positive neuro-
blasts are present per hemisegment at stage 9 (Figures to achaete and lethal of scute, no differences were de-
tected between wild-type and persistently expressing3C and 3D; Doe, 1992). The achaete transcripts disap-
pear earlier from the two lateral and the posterior medial E(spl) embryos with respect to the expression of daugh-
terless (data not shown).neuroblasts than from the anterior medial neuroblast
(Ruiz-GoÂ mez and Ghysen, 1993). In embryos persis-
tently expressing E(spl), the pattern of expression of The Exogenous Genes Are Functional
To test the function of the transgenes, we tried toachaete in four cell clustersduring early stage 8 appears
to be normal. However, the number of expressing cells rescue the phenotype of a deficiency of the entire
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Figure 4. X-Gal Stainings of Third Larval Instar Wing Imaginal Discs Carrying the Enhancer Trap Insertion A101, Which Is Expressed in SMCs
All discs were stained simultaneously. (A) Wild-type; (B) effects of expression of UAS-HLHm5 driven by da-Gal4. No b-gal activity can be
detected. (C) b-gal activity is present in the SMCs of the bristles of the anterior wing margin, following expression of UAS E(spl) driven by
da-Gal4.
E(SPL)-C, which has a partially affected groucho gene either with one copy of the ASC, or lacking the ASC.
Heterozygous embryos were distinguished from hemi-(Df(3R)grob32, Schrons et al., 1992). One copy of a strong
UAS-E(spl) effector driven by da-Gal4 attenuates the zygotes by a blue X-chromosomal balancer. Hemizy-
gous ASC2 male embryos in which E(spl) was driven bysevere phenotype of mutants homozygous for this defi-
ciency to intermediate levels (Figures 5A and 5B). Two the da-Gal4 activator were almost completely aneural
(Figures 5E and 5F), heterozygous embryos containedcopies rescue the phenotype of this deficiency more
strongly. Expression of HLH-m5 has weaker rescuing only a few clusters of 44C11- and 22C10-positive cells
(data not shown). Thus, the neural hypoplasic effects ofabilities than E(spl). These data indicate that the exoge-
nous genes are functional. The rescue abilities of one persistent expression of E(spl) depends on the dosage
of the ASC, such that reduced ASC dosage enhancesor two copies of UAS-E(spl) and UAS-HLH-m5 activated
by da-Gal4 are considerably stronger than those of the the effect of persistent E(spl) expression.
To examine the effects of persistent expression ofsame number of transgenic genomic copies of either
gene (refer to Schrons et al., 1992), suggesting that in E(spl) in the presence of an excess of products of a
proneural gene, UAS-lethal of scute and UAS-E(spl)the present conditions the exogenous genes are overex-
pressed. constructs were simultaneously expressed driven by
da-Gal4. Flies homozygous for both UAS-E(spl) and
UAS-lethal of scute effectors were crossed with fliesThe Degree of Neural Hypoplasia After
Persistent E(spl) Expression Depends homozygous for the da-Gal4 activator. Persistent ex-
pression of this UAS-lethal of scute effector does noton the ASC Gene Dose
To further characterize the influence of the genes of the cause major defects in wild-type embryos (B. Giebel et
al., unpublished data). However, embryos persistentlyASC in this process, we expressed E(spl) in embryos
(Figure 5 legend continued)
(E) Embryo hemizygous for Df(1)260±1, thus lacking the ASC. The ventral cord is fragmented (large arrows); only chordotonal organs (small
arrows) have developed.
(F) Df(1)260±1 embryo that expresses a strong UAS-E(spl) effector driven by da-Gal4. This embryo is virtually aneural, only a few MAb22C10-
positive cells remain (arrows).
(G) Wild-type stage 10 embryo stained with the anti-asense antibody; dorsal view.
(H) Wild-type stage 16 embryo stained with MAb 22C10; lateral view.
(I and J) Embryos in (I) and (J) express UAS-E(spl)bd2 driven by da-Gal4. Staining, age, and orientation as in (G) and (H), respectively. A
comparable reduction in asense expression (I) and a similar degree of neural hypoplasia (J, notice that almost all 22C10-positive cells in the
epidermis are missing) are found after expression of the wild type UAS-E(spl).
(K) Expression of UAS-E(spl)bd2 driven by da-Gal4 reduces the severity of the phenotype of Df(3R)grob32.2 homozygotes to intermediate levels
(compare with A).
(L) Rescue of the Df(3R)grob32.2 phenotype is even more effective, to the level of a weak neurogenic mutation, after simultaneous expression
of UAS-E(spl)bd2 and UAS-E(spl) driven by da-Gal4. Notice that, in (K), the ventral epidermis is completely missing, and the hyperplasic ventral
cord reaches the posterior tip (large arrow), whereas in (L) part of the ventral epidermis has differentiated (arrows point to a portion of the
ventral cord that protrudes through a hole in the epidermis) and the ventral cord is shorter. (K) and (L) show stainings with 22C10 and
MAbBP102, respectively. Anterior is to the left in all embryos.
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Figure 5. Persistent Expression of E(SPL)-C Genes Affects SMC Development
(A) Embryo homozygous for Df(3R)grob32 (staining with MAb22C10). Notice the severe neural hyperplasia, manifested by the strong staining.
(B) One copy of UAS-E(spl) driven by da-Gal4 attenuates the neurogenic phenotype to intermediate levels. The plane of focus in both
photographs is on the sensory organs. Notice that there are fewer MAb22C10-positive cells than in the embryo in (A).
(C) Following activation of UAS-E(spl) by da-Gal4 , the ventral cord is fragmented (out of focus, large arrows) most of the MAb22C10-positive
cells (small arrows point to two of them) fail to develop.
(D) The severity of this phenotype is strongly reduced if UAS-E(spl) and UAS-l'sc constructs are simultaneously activated by da-Gal4. The
integrity of the ventral cord (out of focus) is restored; most of the sensory organs develop.
(Figure 5 legend continued on previous page)
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coexpressing both UAS-E(spl) and UAS-lethal of scute the reduction of both achaete and asense protein ob-
served was comparable to that seen in embryos persis-display neural hypoplasic defects that are much weaker
than those caused by expressing UAS-E(spl) alone, es- tently expressing either HLH-m5 or E(spl). These latter
results indicate that the mutant E(spl)bd2 protein still pos-pecially in the PNS, where various kinds of sensory or-
gans and their support cells developed (compare Fig- sesses the capability to suppress the neural fate. Flies
from three lines showed with incomplete penetranceures 5C and 5D). In the imago, ectopic expression of
lethal of scute leads to ectopic development of sensory ectopic microchaetae on the scutellum, multiplication
(usually duplication) of bristles, and differentiation de-organs (see Figure 2C) (Hinz et al., 1994). After simulta-
neous expression of UAS-E(spl) and UAS-lethal of scute fects of macrochaetae, which had the size of microchae-
tae (data not shown). Since these phenotypic traits cor-using sca-Gal4 as a driver, this effect is strongly re-
duced; ectopic bristles and bristle-loss phenotypes respond to those of functional insufficiency of the
E(SPL)-C (K. Nakao and J.Campos-Ortega, unpublishedwere observed in the scutellum and the notum, respec-
tively, of the same animals (see Figure 2D). Using strong data), they suggest inhibitory interactions of the exoge-
nous E(spl)bd2 with the endogenous wild-type proteins.lethal of scute and weak E(spl) effectors increased the
proportion of neural cells in both embryos and adults Simultaneous expression of HLH-m5 or E(spl) with
E(spl)bd2 driven by da-Gal4 causes severe neural hypo-relative to the effects of the weak E(spl) effectors (data
not shown). Thus, the degree of neural fate suppression plasia both in embryos and adults. Embryos carrying
both strong UAS-E(spl) and intermediate UAS-E(spl)bd2by E(spl) proteins depends on the level of proneural
proteins within the same cells. These data indicate that effectors, activated with da-Gal4, die with only small
clusters of differentiated neurons. Pupae carrying weakthe E(spl) proteins act to antagonize the function of
proneural proteins. UAS-E(spl) and weak UAS-E(spl)bd2 effectors lack all
the chaetae, including those at the wing margin, after
activation with da-Gal4, which normally activates these
Neural Hypoplasia Is Associated with effectors only weakly in wing imaginal discs. Simultane-
Extensive Cell Death ous expression of E(spl) or HLH-m5 and E(spl)bd2 in the
Although persistent expression of E(spl) affects ASC background of the E(SPL)-C deficiency Df(3R)grob32, re-
gene expression in only subsets of neuroblasts, it even- veals that this combination can reduce the level of neural
tually leads to severe neural hypoplasia. We examined hyperplasia seen with this neurogenic mutant to levels
cell death patterns of these embryos by acridine orange of weak neurogenic mutations (Figure 5K), while E(spl)bd2
staining. Much more extensive cell death was observed itself restores this phenotype to intermediate levels
in embryos persistently expressing E(spl) than in wild- (Figure 5L). Therefore, non-DNA binding dimers of ei-
type embryos of the same age (data not shown). Dying ther E(spl) or HLH-m5 and E(spl)bd2 exhibit cooperative
cells are located within the developing CNS and the effects.
epidermis. Cell death in the CNS primordium starts in
early stage 11 and affects both segregated neuroblasts Discussion
and their progeny; epidermal cell death occurs slightly
later. Dying cells exhibit the characteristics of apoptotic E(SPL)-C Genes Are Negative Regulators
cells. The nuclei are pycnotic and the cytoplasm shrinks of Drosophila Neurogenesis
considerably. All cell debris are phagocytosed by Following Gal4-mediated expression of E(SPL)-C genes,
stage 16. neural development is suppressed in embryonic and
larval territories normally endowed with neurogenic po-
tential. Differentiated cells expressing neuronal markers,
An E(spl) Variant Whose Basic Domain like 22C10, 44C11, BB102, are reduced in number or
Is Neutralized Retains the Capability absent. Expression of markers for neural progenitor
to Suppress Neural Development cells, like asense, snail, or A101, is strongly reduced
To examine whether the exogenous E(SPL)-C genes act or absent. The following arguments indicate that the
through DNA binding, a mutant version, called E(spl)bd2, observed defects are due to persistent expression of
was expressed in embryos and imaginal discs. E(spl)bd2 the exogenous genes rather than to genes affected at
has lost the ability to bind to the N-box due to neutraliza- the insertion sites. First, embryos carrying either ef-
tion of its basic domain (Tietze et al., 1992). In addition, fectors or activators alone were free of phenotypic de-
the wild-type E(spl) protein cannot bind DNA in vitro in fects; they were seen only in the progeny of crosses of
the presence of E(spl)bd2, suggesting that E(spl) and effector and activator strains. When using da-Gal4 as
E(spl)bd2 form non-DNA-binding dimers (Oellers et al., activator, the adult progeny of over 90% of the crosses
1994). with UAS-E(spl)or UAS-HLH-m5 effector lines exhibited
Thirteen of the 24 UAS-E(spl)bd2 effector lines studied phenotypic defects of the same kind. Second, using in
did not show any obvious defect during embryonic or situ hybridization with E(spl) or HLH-m5 as probes, the
larval neurogenesis, after activation of the constructs level of expression of thesegenes was found to correlate
with either da-Gal4 or sca-Gal4. Phenotypes observed with the severity of phenotypes observed; only higher
in the remaining lines were variable. Flies from six lines expression was found to cause severe defects in em-
showed a slight bristle loss phenotype with incomplete bryos. Third, the same UAS-E(spl) effectors caused dif-
penetrance. Only two insertions caused strong neural ferent levels of effects depending on the conditions of
hypoplasia accompanied by embryonic lethality when activation. Fourth, using the activators ptc-Gal4, hairy-
Gal4, and KruÈ ppel-Gal4, which mediate Gal4 activity indriven by da-Gal4 (Figures 5I and 5J), and in both cases
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specific regions of the embryo and imaginal discs, a perform the initial steps of neural development under
the influence of other proneural proteins, but that theytopological correlation could be established between
the site of expression and the tissues affected (K. Nakao eventually enter apoptosis. The case of persistent ex-
pression of the E(SPL)-C genes under discussion mayand J. Campos-Ortega, unpublished data). Fifth, the
effects are stronger when two copies of E(spl) or HLH- reflect a similar situation. Their effects may be best ex-
plained by assuming that the E(spl) proteins repress them5 are expressed, and even stronger when a combina-
tion of both genes is used. The question arises as to function of all genes that promote neuroblast and SMC
development.how these effects are produced.
Genes of the E(SPL)-C Can Suppress Persistent Expression of E(SPL)-C
Genes Does Not Interfere withExpression of Proneural Genes
Three observations support the notion that suppression Neuroblast Segregation
It is intriguing that persistent expression of E(spl) and/orof neural development in embryos persistently express-
ing genes of the E(SPL)-C occurs by an antagonistic HLH-m5 does not interfere with neuroblast segregation.
We find large cells in all the normal positions of the SIeffect on the proneural genes, i.e., the genes required
to promote development of neural progenitor cells. First, and SII neuroblast subpopulations. Some of these cells
express ASC genes, or otherneuroblast markers, at veryin these embryos, transcripts of achaete and lethal of
scute are absent from neuroblasts that normally express low levels, and others do not express these genes at
all; nevertheless, the cells leave the neuroectoderm andthese genes, while the concentration of these products
is lower in the remaining ones. Second, heterozygosity move into their normal positions. This suggests that
neuroblasts may segregate at very low levels of activityfor a deficiency of the ASC considerably enhances the
severity of the neural hypoplasic defects. Third, simulta- of the proneural genes, or that segregation is to some
extent independent of this activity. We have mentionedneous expression of lethal of scute reduces the effects
of the persistent expression of E(spl). that the effects of overexpressing E(SPL)-C genes are
eventually similar to those of lack of ASC genes, i.e.,Losses of function of genes of ASC and/or vnd (White,
1980; JimeÂ nez et al., 1995) are all known to result in neural hypoplasia preceded by celldeath. However, they
differ in that the first casedoes not affect the segregationdefects in neuroblast formation (Cabrera et al., 1987;
JimeÂ nez and Campos-Ortega, 1990). However, these of neuroblasts whereas the latter does. We notice that,
besides the deficiency of the ASC, one other experimen-genes are involved in the formation of only half of the
entire neuroblast complement (JimeÂ nez and Campos- tal situation is known to lead to a block of the neuroblast
segregation process. Struhl et al. (1993) and Lieber etOrtega, 1990; Skeath et al., 1994); additional genes are
therefore required to promote the development of the al. (1993) have expressed an activated variant of the
Notch protein. Under the control of a heat shock pro-remaining neuroblasts. Hence, transcriptional repres-
sion of the ASC alone cannot explain the severity of moter, SI and SII neuroblast segregation is completely
blocked as long as the effects of the heat-shock lastthe terminal neural hypoplasic defects observed after
overexpression of E(spl). To account for it, other genes (Lieber et al., 1993; Struhl et al., 1993; Hartenstein et al.,
1994). Hence, the action of Notch and the ASC precedesrequired to promote neural progenitor cell development
must also be suppressed. It is therefore conceivable the action of the E(SPL)-C (de la Concha et al., 1988;
Lieber et al., 1993; Jennings et al., 1994). Since Notchthat the exogenous proteins act to repress all the genes
required to promote development of neuroblasts. This requires the activity of the E(SPL)-C to exert its function
(Lieber et al., 1993), one would expect the phenotypepossibility is supported by the observation that levels
of snail, expression of which is independent of the of overexpression of E(spl) to be identical to that of
activating Notch. Therefore, these observations are atactivity of the ASC (Ip et al., 1994), are reduced
in embryos persistently expressing E(spl) and/or odds with the normal segregation of neuroblasts that we
observe. This apparent discrepancy can be explained ifHLH-m5.
The final phenotype and theextensive cell death found one considers that we have overexpressed only one of
the seven proteins of the complex,whereas the constitu-in the developing CNS and epidermis of these embryos
is reminiscent of the effects of loss of the ASC function tive Notch variant is assumed to activate all proteins of
the complex in the same animal.(JimeÂ nez and Campos-Ortega, 1979, 1987, 1990). Neural
hypoplasia is severe after deletion of the entire ASC; In the wild type, Jennings et al. (1994) detect E(SPL)-
C proteins in the neuroectodermal cells that surroundhowever, only about 25% of the neuroblast complement
fail to segregate. It is also striking that the deletion of a neuroblast only after delamination has begun. Hence,
E(spl) proteins act within the cells that remain in thelethal of scute leads to strong neural hypoplasia, al-
though apparently all neuroblasts segregate in the ab- neuroectoderm after segregation. Using the da-Gal4
driver and an anti-flag antibody, we detect protein prod-sence of this gene (Cabrera et al., 1987; JimeÂ nez and
Campos-Ortega, 1987, 1990). In both cases, the pheno- ucts from stage 6±7 on; that is to say, in our experiments
proteins are translated earlier than in development of thetype of the fully differentiated embryo has been ex-
plained by cell death affecting already segregated neu- wild type. Indeed, effects of premature E(spl) expression
are detectable before neuroblast segregation; thus, theroblasts and their progenies. Redundancy among the
proneural genes can explain the relatively mild defects amount of snail products is already reduced in the neu-
roectoderm of the stage 7±8 embryo. However, this earlyin neuroblast delamination in ASC deficient embryos. It
is conceivable that, in these embryos, some neuroblasts expression does not affect neuroblast segregation.
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Leptin) were used to establish a correlation between the site ofSince the E(SPL)-C acts as the last link in the epistatic
expression and the tissues affected. Effector lines are described inchain of the neurogenic genes, the observations of Jen-
the main text.nings et al. (1994) and the present results suggest that
lateral inhibition functions after segregation. Plasmid Construction and Germline Transformation
For the construction of pm5UAST, the 760 bp EspI (filled-in)-HindIII
fragment containing the HLH-m5 coding region was cloned intoDNA Binding Is Not Essential
XbaI (filled-in)-HindIII site of pBS (Stratagene). The NotI-XhoI insertfor E(spl) Function
was then cloned into the pUAST vector (Brand and Perrimon, 1993).
The genes of the E(SPL)-C encode bHLH proteins with The 720 bp DraI fragment containing the E(spl) coding region was
a number of specific features, as for example a proline first inserted into the HincII site of pBS and then its EcoRI-KpnI
residue in their basic domain (KlaÈ mbt et al., 1989; Deli- segment was inserted into the pUAST vector to generate pE(spl)U-
AST. The pE(spl)bd2UAST was also made by cloning the correspond-dakis and Artavanis-Tsakonas, 1992; Knust et al., 1992).
ing DraI fragment of the in vitro mutagenized construct describedThese proteins have been shown to bind to the N-box
in Tietze et al. (1992) into the pUAST vector in a similiar way.(CACNAG; Tietze et al., 1992). In Schneider cells, E(spl)
Plasmids were injected following standard procedures. Between
proteins were found to repress transcriptional activation 20 and 100 independent transformant strains were selected on the
caused by binding of heterodimers between proteins of basis of lethality and bristle phenotype after E(spl) expression using
the ASC and daughterless to E-boxes (Oellers et al., the sca-Gal4 activator. Effectors that caused lethality under these
condition were analyzed for embryonic defects.1994). This effect does not require the N-box itself (N.
Oellers and E. Knust, personal communication), sug-
In Situ Hybridization and Immunohistochemistrygesting that E(spl) proteins do not necessarily act
Whole-mount in situ hybridization was done according to standard
through binding to N-boxes. We found that expression protocols (Tautz and Pfeifle, 1989), except that dechorionated em-
of an E(spl) variant without the DNA binding domain bryos were fixed with heptane:10% formalin in PBS (1:1). We used
[E(spl)bd2] caused neural suppression and, in some probes from achaete, scute, lethal of scute, HLH-m5, E(spl), and
snail. The fragments were labeled with digoxigenin-dUTP by a ran-cases, it repressed achaete and asense expression like
dom-primed labeling method using nonamer oligonucleotides. Anti-the E(spl) wild-type protein. Coexpression of E(spl) or
body stainings were performed according to standard protocols.HLH-m5 and E(spl)bd2 caused stronger effects than the
Cuticle preparations of embryos and larvae were made after Van
expression of either variant alone. Considering that the der Meer (1977); staging of embryos was following Campos-Ortega
bHLH proteins encoded by both genes can form hetero- and Hartenstein (1985).
dimers and bind DNA in vitro, and that an electrophoretic
Acridine Orange Vital Stainingmotility shift assay suggested that HLH-m5-E(spl) heter-
We followed the procedure described in Abrams et al. (1993). Afterodimers are more stable than either homodimer (Oellers
the staining, the embryos were devitelinized manually, fixed withet al., 1994), it seems probable that heterodimers of
10% formaldehyde (Sigma) in phosphate-buffered saline, and
E(spl) or HLH-m5 and E(spl)bd2 are also formed in vivo stained with anti-asense antibody to judge their genotype.
and exert stronger effects than the homodimers. The
stronger effects observed might thus be due to an in- Acknowledgments
creased affinity of E(spl)bd2 for the wild-type proteins.
We thank Drs. A. Ferrus, C.S. Goodman, Y.N. Jan, A. Jarman, S.Neutralization of the DNA-binding region has been re-
Carroll, and R. Reuter for providing antibodies. We also thank Drs.ported to strengthen the dimerization affinity of another
N. Brown, J. Modolell, A. Brand, and N. Perrimon for various probes.
DNA-binding protein, I-POU (Treacy et al., 1992), and We are grateful to Dr. Uwe Hinz and Mr. Bernd Giebel for kindly
may apply to our case as well. Therefore, our results providing daG32 and G537.4 driver strains prior to publication, and
suggest that E(spl) and E(spl)bd2 inactivate other bHLH to Dr. Maria Leptin for the Kr-Gal4 line. We greatly acknowledge Dr.
Shoji Sawai for helpful technical advice and for many stimulatingproteins, which may act positively on neural differentia-
discussions, and him and Drs. Paul A. Hardy, Uwe Hinz, and Chris-tion, by directly associating with them. In the promoter
tian KlaÈmbt for critical reading of this manuscript. K.N. is a fellowregions of both E(spl) and achaete, N-boxes occur in
of the Yamada Science Foundation. This work was supported by
the immediate neighborhood of E-boxes (Kramatschek grants from the Deutsche Forschungsgemeinschaft (DFG, SFB 243)
and Campos-Ortega, 1994; Oellers et al., 1994; Ohsako and the Fonds der Chemischen Industrie to J.A.C.-O.
et al., 1994; Van Doren et al., 1994). Mutation of the The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be herebyN-box in the achaete promoter region leads to ectopic
marked ªadvertisementº in accordance with 18 USC Section 1734bristle formation in transgenic flies (Ohsako et al., 1994;
solely to indicate this fact.Van Doren et al., 1994), suggesting that N-boxes may
normally facilitate association of E(spl) protein with an- Received September 5, 1995; revised November 28, 1995.
tagonistic proteins bound to the E-boxes.
References
Experimental Procedures
Abrams, J.M., White, K., Fessler, L.I., and Steller, H. (1993). Pro-
grammed cell death during Drosophila embryogenesis. Develop-
Fly Strains
ment 117, 29±43.
We used Df(3R)grob32 for rescue experiments and Df(1)260±1, for
Alberga, A., Boulay, J.L., Kempe, E., Dennefeld, C., and Haenlin,combinations with embryos lacking the ASC; w1118 served as wild
M. (1991). The snail gene required for mesodermal formation intype. UAS-lethal of scute was as in Hinz et al. (1994); the enhancer
Drosophila is expressed dynamically in derivatives of all three germtrap insertion A101 (Boulianne et al., 1991) was used to visualize
layers. Development 111, 983±992.SMCs. For studies in the embryo, we generally used a daughterless-
Gal4 activator (daG32). For studies in the imago, we used a scab- Bellen, H.J., O'Kane, C.J., Wilson, C., Grossniklaus, U., Pearson
R.K., and Gehring, W.J. (1989). P-element-mediated enhancer de-rous-Gal4 activator (Gal4537.4). Various drivers with more restricted
expression, i.e., patched-Gal4 (Gal4559.1), hairy-Gal4 (Gal4540.3) (Hinz tection: a versatile method to study development in Drosophila.
Genes Dev. 3, 1288±1300.et al., 1994), and KruÈppel-Gal4 (KrGIII, kindly provided by Maria
Expression of Enhancer of Split
285
Boulianne, G.L., de la Choncha, A., Campos-Ortega, J.A., Jan, L., expression during neurogenesis in the Drosophila embryo. Develop-
ment 120, 3537±3548.and Jan, Y.N. (1991). The Drosophila neurogenic gene neuralized
encodes a novel protein and is expressed in precursors of larval JimeÂ nez, F., and Campos-Ortega, J.A. (1979). A region of the Dro-
and adult neurons. EMBO J. 10, 2975±2983. sophila genome necessary for CNS development. Nature 282,
310±312.Brand, M., and Campos-Ortega, J.A. (1988). Two groups of interre-
lated genes regulate early neurogenesis in Drosophila melanogas- JimeÂ nez, F., and Campos-Ortega, J.A. (1987). Genes in subdivision
ter. Roux's Arch. Dev. Biol. 197, 457±470. 1B of the Drosophila melanogaster X-chromosome and their influ-
ence on neural development. J. Neurogen. 4, 179±200.Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
a means of altering cell fates and generating dominant phenotype. JimeÂ nez, F., and Campos-Ortega, J.A. (1990). Defective neuroblast
Development 118, 401±415. commitment in mutants of the achaete-scute complex and adjacent
genes of Drosophila melanogaster. Neuron 5, 81±89Brand, M., Jarman, A., Jan, L.Y., and Jan, Y.N. (1993) asense is a
Drosophila neural precursor gene and is capable of initiating sense JimeÂ nez, F., Martin-Morris, L.E., Velasco, L., Chu, H., Sierra, J.,
organ formation. Development 119, 1±17. Rosen, D.R., and White, K. (1995). vnd, a gene required for early
neurogenesis of Drosophila, encodes a homeodomain protein.Cabrera, C.V., Martinez-Arias, A., and Bate, M. (1987). The expres-
EMBO J. 14, 3487±3495.sion of three members of the achaete-scute gene complex corre-
lates with neuroblast segregation in Drosophila. Cell 50, 425±433 KlaÈ mbt, C., Knust, E., Tietze, K., and Campos-Ortega, J.A. (1989).
Closely related transcripts encoded by the neurogenic gene com-Campos-Ortega, J.A. (1993). Early neurogenesis in Drosophila mela-
plex Enhancer of split of Drosophila melanogaster. EMBO J. 8,nogaster. In Development of Drosophila, C.M. Bate, A. Martinez-
203±210.Arias, eds. (Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
Press). Knust, E., Tietze, K., and Campos-Ortega, J. A. (1987). Molecular
analysis of the neurogenic locus Enhancer of split of DrosophilaCampos-Ortega,J.A., and Haenlin, M. (1992). Regulatory signalsand
melanogaster. EMBO J. 6, 4113±4123.signal molecules in early neurogenesis of Drosophila melanogaster.
Roux's Arch. Dev. Biol. 201, 1±11. Knust, E., Schrons, H., Grawe, F., and Campos-Ortega, J.A. (1992).
Seven genes of the Enhancer of split complex of Drosophila melano-Campos-Ortega, J.A., and Hartenstein, V. (1985). The Embryonic
gaster encode helix-loop-helix proteins. Genetics 132, 505±518.Development of Drosophila melanogaster. (Berlin: Springer-Verlag).
Kramatschek, B., and Campos-Ortega, J.A. (1994). Neuroectoder-Campuzano, S., and Modolell, J. (1992). Patterning of the Drosophila
mal transcription of the Drosophila neurogenic genes E(spl) andnervous system: the achaete-scute gene complex. Trends Genet.
HLH-m5 is regulated by proneural genes. Development 120,8, 202±208.
815±826.
Cronmiller, C., and Cummings, C.A. (1993). The daughterless gene
Lehmann, R., Dietrich, U., JimeÂ nez, F., and Campos-Ortega, J.A.product in Drosophila is a nuclear protein that is broadly expressed
(1981). Mutations of early neurogenesis in Drosophila. Roux's Arch.throughout the organism during development. Mech. Dev. 42,
Dev. Biol. 190, 226±229.159±169.
Lehmann, R., JimeÂnez, F., Dietrich, U., and Campos-Ortega, J.A.de la Concha, A., Dietrich, U., Weigel, D., and Campos-Ortega, J.A.
(1983). On the phenotype and development of mutants of early neu-(1988). Functional interactions of neurogenic genes of Drosophila
rogenesis in Drosophila melanogaster. Roux's Arch. Dev. Biol. 192,melanogaster. Genetics 118, 499±508.
62±74.
Dedidakis, C., and Artavanis-Tsakonas, S. (1992). The Enhancer of
Lieber, T., Kidd, S., Alcamo, E., Corbin, V., and Young, M.W. (1993).split [E(spl)] locus of Drosophila encodes seven independent helix-
Antineurogenic phenotypes induced by truncated Notch proteinsloop-helix proteins. Proc. Natl. Acad. Sci. USA 89, 8731±8735.
indicate a role in signal transduction and may point to a novel func-
Doe, C.Q. (1992). Molecular markers for identified neuroblasts and tion for Notch in nuclei. Genes Dev. 7, 1949±1965.
ganglion mother cells in the Drosophila central nervous system.
Mlodzik, M., Baker, N.E., and Rubin, G.M. (1991). Isolation and ex-Development 116, 855±863.
pression of scabrous, a gene regulating neurogenesis in Drosophila.
Fischer, J.A., Giniger, E., Maniatis, T., and Ptashne, M. (1988). GAL4 Genes Dev. 4, 1848±1861.
activate transcription in Drosophila. Nature 332, 853±856.
Oellers, N., Dehio, M., and Knust, E. (1994). bHLH proteins encoded
Ghysen, A., and Dambly-ChaudieÁre, C. (1989). Genesis of the Dro- by the Enhancer of split complex of Drosophila negatively interfere
sophila peripheral nervous system. Trends Genet. 5 251-255. with transcriptional activation mediated by proneural genes. Mol.
Gen. Genet. 244, 465±473.Ghysen, A., Dambly-ChaudieÁre, C., Jan, L.Y., and Jan, Y.-N. (1993).
Cell interactions and gene interactions in peripheral neurogenesis. Ohsako, S., Hyer, J., Panganiban, G., Oliver, I., and Caudy, M. (1994).
Genes Dev. 7, 723±733. hairy functions as a DNA-binding helix-loop-helix repressor of Dro-
sophila sensory organ formation. Genes Dev. 8, 2743±2755.Hartenstein, V., and Campos-Ortega, J.A. (1984). Early neurogenesis
in wild-type Drosophila melanogaster. Roux's Arch. Dev. Biol. 193, Romani, S., Campuzano, S., Macagno, E.R., and Modolell, J. (1989).
308±325. Expression of achaete and scute genes in Drosophila imaginal discs
and their function in sensory organ development. Genes Dev. 3,Hartenstein, V., Younossi-Hartenstein, A., and Lekven, A. (1994).
997±1007.Delamination and division in the Drosophila neuroectoderm: spatio-
temporal pattern, cytoskeletal dynamics and common control by Ruiz-GoÂ mez, M., and Ghysen, A. (1993). The expression and role of
neurogenic and segment polarity genes. Dev. Biol. 165, 480±499. a proneural gene, achaete, in the development of the larval nervous
system of Drosophila. EMBO J. 12, 1121±1130.Hinz, U., Giebel, B., and Campos-Ortega, J.A. (1994). The basic-
helix-loop-helix domain of the Drosophila lethal of scute protein is Schrons, H., Knust, E., and Campos-Ortega, J.A. (1992). The En-
sufficient for proneural function and activates neurogenic genes. hancer of split complex and adjacent genes in the 96F region of
Cell 76, 1±11. Drosophila melanogaster are required for segregation of neural and
epidermal progenitor cells. Genetics 132, 481±503.Huang, F., Dambly-Chaudiere, C., and Ghysen A. (1991). The emer-
gence of sense organs in the wing disc of Drosophila. Development Shepard, S.B., Broverman, S.A., and Muskavitch, M.A.T. (1989). A
111, 1087±1095. tripartite interaction among alleles of Notch, Delta and Enhancer
of split during imaginal development of Drosophila melanogaster.Ip, Y.T., Levine, M., and Bier, E. (1994). Neurogenic expression of
Genetics 122, 429±438.snail is controlled by separable CNS and PNS promoter elements.
Development 120, 199±207. Simpson, P. (1990). Notch and the choice of cell fate in Drosophila
neuroepithelium. Trends Genet. 6, 343±345.Jennings, B., Preiss, A., Delidakis, C., and Bray, S. (1994). The Notch
signalling pathway is required for Enhancer of split bHLH protein Singson, A., Leviten, M.W., Bang, A.G., Hua, X.A., and Posakony,
Neuron
286
J.W. (1994). Direct downstream targets of proneural activators in the
imaginal disc include genes involved in lateral inhibitory signaling.
Genes Dev. 8, 2058±2071.
Skeath, J.B., and Carroll, S.B. (1992). Regulation of proneural gene
expression and cell fate during neuroblast segregation in the Dro-
sophila embryo. Development 114, 939±946.
Skeath, J.B., Panganiban, G., Selegue, J., and Carroll, S.B. (1992).
Gene regulation in two dimensions: proneural achaete and scuta
genes are controlled by combinations of axis-patterning genes
through a common intergenic control region. Genes Dev. 6, 2606±
2619.
Skeath J.B., Panganiban, G.F., and Carroll, S.B. (1994). The ventral
nervous system defective gene controls proneural gene expression
at two distinct steps during neuroblast formation in Drosophila.
Development 120, 1517±1524.
Struhl, G., Fitzgerald, K., and Greenwald, I. (1993). Intrinsic activity
of Lin-12 and Notch intracellular domains in vivo. Cell 74, 331±345.
Tata, F., and Hartley, D.A. (1995). Inhibition of cell fate in Drosophila
by Enhancer of split genes. Mech. Dev. 51, 305±315.
Tautz, D., and Pfeifle, C. (1989). A non-radioactive in situ hybridiza-
tion method for the localization of specific RNAs in Drosophila em-
bryos reveals translational control of the segmentation gene hunch-
back. Chromosoma 98, 81±85.
Tietze, K., Oellers, N., and Knust, E. (1992) Enhancer of splitD, a
dominant mutation of Drosophila and its use in the study of func-
tional domains of a helix-loop-helix protein. Proc. Natl. Acad. Sci.
USA 89, 6152±6156.
Treacy, M.N., Neilson, L., Turner, E.E., He, X., and Rosenfeld, M.G.
(1992). Twin of I-POU: A two amino acid difference in the I-POU
homeodomain distinguishes an activator from an inhibitor of tran-
scription. Cell 65, 491±505.
Usui, K., and Kimura, K.-I. (1992). Sensory mother cells are selected
from among mitotically quiescent cluster of cells in the wing disc
of Drosophila. Development 116, 601±610.
Vaessin, H., Brand, M., Jan, L.Y., and Jan, Y.N. (1994). daughterless
is essential for neuronal precursordifferentiation but not for initiation
of neuronal precursor formation in Drosophila embryo. Development
120, 935±945.
Van der Meer, J. (1977). Optical clean and permanent mount prepa-
rations for phase contrast microscopy of cuticular structures of
insect larvae. Drosophila Inf. Serv. 52, 160.
Van Doren, M., Baily, A.M., Esnayra, J., Ede, K., and Posakony, J.W.
(1994). Negative regulation of proneural gene activity: hairy is a
direct transcriptional repressor of achaete. Genes Dev. 8, 2729±
2742.
White, K. (1980). Defective neural development in Drosophila mela-
nogaster embryos deficient for the tip of the X-chromosome. Dev.
Biol. 80, 322±344.
Wodarz, A., Hinz, U., Engelbert, M., and Knust, E. (1995). Expression
of crumbs confers apical character on plasma membrane domains
of ectodermal epithelia of Drosophila. Cell 82, 67±76.
